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Summary
The shoot apical meristem (SAM) is a pluripotent
group of cells that gives rise to the aerial parts of
higher plants. Class-I KNOTTED1-like homeobox
(KNOX) transcription factors promote meristem func-
tion partly through repression of biosynthesis of the
growth regulator gibberellin (GA). However, regula-
tion of GA activity cannot fully account for KNOX
action. Here, we show that KNOX function is also
mediated by cytokinin (CK), a growth regulator that
promotes cell division and meristem function. We
demonstrate that KNOX activity is sufficient to rapidly
activate both CK biosynthetic gene expression and a
SAM-localized CK-response regulator. We also show
that CK signaling is necessary for SAM function in a
weak hypomorphic allele of the KNOX gene SHOOT-
MERISTEMLESS (STM). Additionally, we provide evi-
dence that a combination of constitutive GA signaling
and reduced CK levels is detrimental to SAM function.
Our results indicate that CK activity is both necessary
and sufficient for stimulating GA catabolic gene ex-
pression, thus reinforcing the low-GA regime estab-
lished by KNOX proteins in the SAM. We propose that
KNOX proteins may act as general orchestrators of
growth-regulator homeostasis at the shoot apex of
Arabidopsis by simultaneously activating CK and re-
pressing GA biosynthesis, thus promoting meristem
activity.
Results and Discussion
KNOX Proteins Activate Expression
of a Meristem-Localized CK-Response
Gene and CK-Biosynthesis Genes
KNOX proteins directly repress transcription of genes
encoding GA 20-oxidases, the enzymes that encode
the penultimate step in gibberellin (GA) biosynthesis [1,
2]. Genetic evidence suggests that this repression is
functionally significant. Reducing GA activity enhances
phenotypes associated with KNOX overexpression,
whereas constitutive GA signaling can be detrimental*Correspondence: miltos.tsiantis@plants.ox.ac.ukto shoot apical meristem (SAM) function and is suffi-
cient to suppress KNOX-overexpression phenotypes,
as is exogenous application of GA [3]. However, altering
GA levels is not sufficient to account for KNOX mutant
phenotypes, indicating that KNOX proteins control ad-
ditional processes in the SAM. Two independent lines
of evidence suggest that KNOX activity may also be
mediated by cytokinin. First, overexpression of IPT,
which encodes the cytokinin (CK) biosynthetic enzyme
isopentenyltransferase, confers phenotypes similar to
KNOX overexpression [4–6]. Second, KNOX-overex-
pressing plants contain elevated CK levels [7–9], sug-
gesting that KNOX proteins may activate CK biosynthe-
sis. To determine whether KNOX activity in Arabidopsis
is mediated by CKs, we examined whether the early
CK-activated gene ARABIDOPSIS RESPONSE REGU-
LATOR5 (ARR5) [10] and the AtIPT genes [11] that par-
ticipate in CK biosynthesis are responsive to inducible
STM activity, as provided by a dexamethasone (DEX)-
activated STM-glucocorticoid-receptor (GR) fusion pro-
tein [12]. We observed that transcript levels for AtIPT5,
AtIPT7, and ARR5 are substantially increased in re-
sponse to STM induction (Figure 1A). This increase is
observable as early as 2 hr after DEX application and
is transient for AtIPT5. These data indicate that KNOX
proteins stimulate both CK biosynthesis and a conse-
quent CK response.
To determine in which tissues KNOX proteins activate
a CK response, we examined expression of an ARR5::
GUS reporter-gene fusion in wild-type plants and in re-
sponse to STM-GR induction (Figures 1B–1D). We ob-
served that in wild-type plants, GUS expression was
confined to the meristem and excluded from de-
veloping leaf primordia (Figures 1B and 1C) in a very
similar pattern to that of STM expression [13]. This indi-
cates that ARR5 participates in a CK-response path-
way that is active in the SAM but repressed in leaf pri-
mordia. Upon STM induction, ARR5-promoter activity
was elevated and detectable within cotyledons (not
shown) and leaf primordia (Figure 1D). Similar expan-
sion of the ARR5::GUS-expression domain was ob-
served in response to misexpression of the KNOX gene
BREVIPEDICELLUS (BP) (Figure 1E), indicating that
both BP and STM misexpression are sufficient to inap-
propriately activate CK responses. These data indicate
that KNOX proteins are likely to activate CK responses
in the meristem.
Meristem-Promoting Activities of KNOX and CK
Are Functionally Connected
To test the functional significance of KNOX-mediated
stimulation of CK activity, we constructed double mu-
tants between stm-bumpershoot1 (stm-bum1) and
wooden leg (wol) (Figure 1). stm-bum1 is a hypomor-
phic stm allele that was recovered in the Col back-
ground and conditions a weak phenotype. Thus, unlike
stronger meristem defects conditioned by stm alleles
in Ler [13, 14], stm-bum1 plants are able to initiate
relatively normal leaves (Figure 1G) and produce infer-
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1561Figure 1. KNOX Activity Is Partially Mediated by CK
(A) Quantitative RT-PCR analysis of IPT5, IPT7, and ARR5 expres-
sion in Ler and STM-GR 10-day-old plants 2 hr after 10 M DEX
spray (+DEX 2h) or after 10 days on MS +1 M DEX (+DEX). Error
bars indicate standard error.
(B and C) ARR5::GUS is expressed in the SAM and excluded from
leaf primordia in wild-type plants.
(D) GUS expression of ARR5::GUS;STM-GR plants germinated on
soil and painted at 9-day-old with 10 M DEX once a day for 2
days before staining.fects included shootless plants, seedlings with fused
(E) ARR5::GUS is expressed in young leaf primordia and cotyle-
dons in 35S::BP plants.
(F–J) Photograph (F) of 16-day-old plants of the following geno-
types: wt, stm-bum1, wol, stm-bum1;wol double (from left to right);
bar = 1 cm. Scanning electron micrographs of wol (G) and stm-
bum1;wol double (H–J) are shown. In (G) and (J), the bars = 100
m; in (H) and (I), the bars = 500 m.tile flowers. The wol mutation disrupts function of the
2-component signal-transduction molecule CYTOKININ
RECEPTOR1/ARABIDOPSIS HISTIDINE KINASE4 [15,
16] and disrupts root but not shoot meristem function.
We predicted that if CK activity is a significant compo-
nent of STM action in the SAM, then stm-bum1;wol
double mutants should have strong meristem defects
because partially defective stm-bum1 SAMs would be
sensitive to the disruption of CK signaling. Examination
of the double mutants confirmed that this was the case,
with 60% of double mutants producing no SAM, a sin-
gle leaf (Figures 1H–1J), or no floral meristems, in con-
trast to stm-bum1 plants, which invariably flowered.
Therefore, WOL activity is necessary for STM activity in
the stm-bum1 background, indicating that KNOX and
CK act together to control meristem function. This idea
is supported by the observation that IPT expression in
the STM-expression domain partially suppresses the
phenotype of strong stm mutant alleles (see the accom-
panying report by Yanai et al. in this issue of Current
Biology [17]).
spindly Mutants Lack Meristem Activity
in a Reduced-CK Background
We have previously shown that the constitutive-GA-sig-
naling mutant spindly (spy) enhances a weak stm allele
to a shootless phenotype [3] in a manner comparable
to the enhancement, reported here, of the stm-bum1
phenotype by wol (Figures 1H–1J). spy mutants do not
exhibit obvious meristem defects, raising the possibility
that STM action in the meristem is multifaceted, with
GA repression being only one aspect of its function.
Our results indicate that stimulation of CK activity may
be another key component of KNOX action in the SAM.
To test the idea that KNOX proteins promote meri-
stem activity via this hormonal regime, we constructed
a genetic background that mimics the consequences
of loss of KNOX function to CK and GA activity. We
overexpressed the AtCKX3 gene, which encodes a
cytokinin oxidase that deactivates CK [18, 19], in the
spy-1 background, in which GA signaling is constitu-
tive. 35S::AtCKX3 overexpression conditions develop-
ment of smaller but correctly organized meristems that
retain organogenic activity [18, 19]. We therefore pre-
dicted that if meristem function requires both “high CK”
and “low GA,” then creating a hormonal environment of
low CK levels coupled with constitutive GA signaling
in spy-1;35S::AtCKX3 plants should perturb meristem
function. Examination of the spy-1;35S::AtCKX3 plants
confirmed this prediction; 10% of these plants showed
strong vegetative meristem defects reminiscent of
those in strong stm alleles, whereas neither the spy-1
nor 35S::AtCKX3 showed such phenotypes. These de-
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1562cotyledons, and seedlings where the SAM terminates
after producing one leaf (Figures 2A–2D). Seedlings that
completed vegetative development showed severe in-
florescence meristem defects, with 50% of plants fail-
ing to produce more than five flowers, in contrast to
spy-1 and 35S::CKX3 plants that produced numerous
flowers (Figures 2E–2G and data not shown). Scanning-
electron-microscopy analysis indicated that these de-
fects reflect a failure of the meristem to maintain itself
(Figures 2H–2J). Thus, simultaneously antagonizing the
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nFigure 2. A Combination of Constitutive GA Signaling and Reduced
CK Content Impairs Meristem Function
(A) Photograph of 16-day-old plants of the following genotypes: wt,
spy-1, 35S::AtCKX3, spy-1;35S::AtCKX3 double (from left to right);
bar = 1 cm.
(B) Close up of the spy-1;35S::AtCKX3 plant shown in (A), bar =
0.5 cm.
(C) Photograph of a spy-1;35S::AtCKX3 plant showing cotyledon
fusion, bar = 0.5 cm.
(D) Frontal view of the fused cotyledons shown in (C), bar = 0.1 cm.
(E and F) show a 16-day-old spy-1;35S::AtCKX3 plant (E) showing
the determinate growth of the inflorescence meristem, in compari-
son to a spy-1 plant of the same age (F).
(G) shows a close up of the terminal inflorescence of spy-1 shown
in (F).
(H–J) Scanning electron micrographs of Col (H), spy-1 (I), and spy-
1;35S::AtCKX3 (J) inflorescence meristems. Note that the spy-
1;35S::AtCKX3 meristem is being consumed by initiation of floral
primordia. A star denotes initiating floral primordia.
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aeffects of STM on both GA and CK homeostasis in aild-type plant, by creating a reduced CK level and in-
reased-GA signaling regime, is sufficient to perturb
eristem function.
A-Deactivation Genes Are Expressed
t the Meristem Base and Respond
o CK and KNOX Activities
he enhancement of 35S::CKX3 meristem defects by
py-1 highlights the significance of maintaining a re-
uced-GA regime in the SAM [3]. However, KNOX re-
ression of GA biosynthesis would not be sufficient to
aintain this regime if bioactive GA could diffuse from
oung leaf primordia back to the SAM. One mechanism
o safeguard the SAM from diffusible GA is the deacti-
ation of GA, via GA 2-oxidase enzyme activity, at the
hoot apex. Arabidopsis contains five GA 2-oxidases
hat are able to deactivate the bioactive GAs (GA1 and
A4) and their immediate precursors (GA9 and GA20)
20, 21] (see the Supplemental Data available with this
rticle online). To examine whether regulated GA deac-
ivation may contribute to establishing a low-GA regime
n the Arabidopsis SAM, we studied expression of
tGA2ox1, -2, -3 and -4 by using reporter-gene fusions.
e observed that the AtGA2ox2 and AtGA2ox4 repor-
er genes were expressed at the base of the SAM and
eveloping leaf primordia, whereas AtGA2ox1 and -3
ere not expressed in the apex (Figures 3A–3C and
ata not shown). This AtGA2ox2 and AtGA2ox4 expres-
ion pattern, which is similar to that observed in rice
or OsGA2ox1 [22], would allow GA deactivation to oc-
ur at the boundary between the SAM and leaves and
s predicted to partly overlap with the expression do-
ain of class-I KNOX genes [13, 23]. To test whether
NOX proteins might also regulate GA catabolism, we
ssayed expression of AtGA2ox2 and AtGA2ox4 in re-
ponse to STM induction. We observed that expression
f both genes is elevated in response to STM, with a
etectable increase 2 hr after STM induction (Figure
D). Additionally, the AtGA2ox2::GUS-expression do-
ain is broadened in response to STM induction (Fig-
re 3E). Thus, GA deactivation, regulated in part by
NOX proteins, may protect the SAM against an influx
f GA from developing leaf primordia where GA biosyn-
hetic gene expression is confined by KNOX activity
Figure 4).
Because KNOX proteins activate CK responses and
K may act antagonistically to GA [24], it is also pos-
ible that CK activates GA deactivation. We tested this
ypothesis by assaying expression of AtGA2ox2 and
tGA2ox4 genes in the wol background and in re-
ponse to elevated CK activity with either a dexameth-
sone-inducible IPT-expression system [25] or exoge-
ous CK application. AtGA2ox2, and to a lesser degree
tGA2ox4, transcript levels were reduced in wol (Figure
F), suggesting that CK signaling is required for GA-
eactivating gene expression. In response to IPT in-
uction, transcript levels for AtGA2ox2 were strongly
levated, mirroring ARR5 transcript levels and indicat-
ng that AtGA2ox2 is responsive to CK activity (Figure
G). Consistent with this expression, the AtGA2ox2::
US reporter showed elevated and broadened expres-
ion in response to a 1 M concentration of the cytoki-
in BAP, such that it included the leaf vasculature com-pared to the more localized SAM expression observed
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1563Figure 3. GA 2-oxidase Genes Are Expressed
at the Base of the SAM and Are Responsive
to KNOX and CK
(A and B) GUS staining of AtGA2ox2::GUS
(A) and AtGA2ox4::GUS (B) plants, bars =
0.5 mm.
(C) Longitudinal section of AtGA2ox4::GUS
plants, bar = 50 m.
(D) Quantitative RT-PCR analysis of AtGA2ox2
and AtGA2ox4 expression in Ler and STM-
GR 10-day-old plants 2 hr after 10 M DEX
spray (+DEX 2h) or after 10 days on MS +1
M DEX (+DEX). Error bars indicate stan-
dard error.
(E) GUS staining of a AtGA2ox2::GUS;STM-
GR plant 12 days after germination on MS +
10 m DEX, bars = 1 mm
(F) RT-PCR gel-blot analysis of AtGA2ox2
and AtGA2ox4 expression in 3-week-old
seedlings of Col and wol. In lanes 1 and 2,
PCR was performed with one-tenth dilution
cDNA. In lanes 3 and 4, PCR was performed
with one-fiftieth dilution cDNA. In lane 5,
PCR was performed without cDNA in the re-
action.
(G) RT-PCR gel-blot analysis of AtGA2ox2,
AtGA20ox1, and ARR5 expression in LhGRN
and 35S>GR>IPT seedlings grown in liquid
MS media to which 10 M DEX was added
(+) or not (−) for a period of 2 days before
harvesting. In lanes 1–4, PCR was performed
with undiluted cDNA. In lanes 5–8, PCR was
performed with one-tenth dilution cDNA. In
lane 9, PCR was performed without cDNA in
the reaction.
(H and I) AtGA2ox2::GUS expression in wild-
type plants grown 12 days on MS (H) or MS +
1 M BAP (I).Figure 4. Model Depicting Interactions between KNOX Proteins,
GA, and CK in the Shoot Apex
KNOX proteins are expressed in the SAM (purple), where they acti-
vate CK biosynthesis and repress GA 20-oxidase gene expression
and hence GA biosynthesis (GA20ox, gray), thus promoting meri-
stem activity. CK also activates GA2ox (blue) expression, possibly
stimulating GA deactivation. These interactions may confine active
GA to the leaf (green). KNOX proteins may also activate GA2ox in
a CK-independent manner (dashed arrow).without BAP (Figures 3H and 3I). No induction of
AtGA2ox4 transcript was observed in response to BAP
or inducible IPT expression (data not shown). Notably,
AtGA20ox1 expression was not substantially altered
after IPT induction, indicating that CK regulates
AtGA2ox2 expression independently of GA biosynthe-
sis (Figure 3G). Therefore, CK activity is both necessary
and sufficient to activate AtGA2ox2 expression.
These gene-expression data support the idea that
CK antagonizes GA action [24]. We also observed that
IPT induction in the presence of GA resulted in a less
severe leaf phenotype than that resulting from IPT in-
duction alone (Figures S1A–S1D). Taken together, our
results indicate that CK promotes GA deactivation in
addition to a possible modulation of GA signaling [24].
Thus, possibly in response to KNOX activity, CK may
promote the deactivation of GA at the boundary be-
tween leaves and the SAM, thereby confining GA activ-
ity to differentiating leaf primordia (Figure 4).
Conclusions
Our data indicate that CK biosynthesis is KNOX acti-
vated and is required alongside KNOX proteins for SAM
Current Biology
1564function. Because KNOX proteins also repress GA bio-
synthesis, we suggest that KNOX activity promotes
SAM function by orchestrating a gene-expression re-
gime that results in elevated CK and low GA activity.
CK activates cell division by stimulating Cyclin D ex-
pression [26], whereas GA promotes cell elongation by
reorienting microtubules [27]. It is therefore possible
that KNOX proteins function, on the one hand, to facili-
tate cell division via CK activity and, on the other hand,
to maintain the isodiametric shape that characterizes
meristem cells by suppressing GA activity.
The requirement for reduced GA and elevated CK for
SAM activity is only revealed by altering signaling for
these hormones in weak stm alleles where SAM func-
tion is partially compromised. However, we could also
demonstrate that regulation of both CK and GA by STM
is required for meristem activity because the spy-1;
35S::AtCKX3 genetic background, where two distinct
aspects of STM-regulated gene expression are antago-
nized, shows strong meristem defects. These observa-
tions indicate that the antagonistic actions of GAs and
CKs are redundantly required for meristem develop-
ment. However, this redundancy—rather than biochem-
ical redundancy as in the case of duplicated genes—
reflects the complex way in which growth-regulator
activities are integrated to direct meristem develop-
ment. This type of genetic network may serve to buffer
the apex against growth-regulator perturbations, oc-
curring either as a result of mutation during evolution
or as a result of environmental changes during devel-
opment.
It is of note that a hormonal regime of “high CK–low
GA” activity may not operate exclusively in the SAM
but rather may be a general module to promote organo-
genic activities in plants. For example, in the Arabidop-
sis gynoecium, the pickle mutation disrupts organ po-
larity and meristematic activity of the placenta and
blocks GA signaling, but it also can condition effects
similar to exogenous CK application [28, 29].
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Supplemental Data include Supplemental Experimental Pro-
cedures, one figure, and one table and are available with this article
online at http://www.current-biology.com/cgi/content/full/15/17/
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